respectively, and thus stable against strong decays. Although the production rate is probably very low, these remarkable pentaquarks can be looked for at LHC, Fermilab, B-factories, RHIC and elsewhere: their signatures are briefly discussed.
I. INTRODUCTION
In this paper, arguments are suggested in favor of the existence of exotic pentaquarks which may well prove to be the second lightest charmed (bottom) baryons, after Λ c and Λ b .
Since they are light, the new baryons decay only weakly. They may have escaped direct observation in the past because the production rate is expected to be quite low.
The arguments are based on considering baryons at large number of colors N c . While in the real world N c is only three, we do not expect qualitative difference in the baryon spectrum with the large-N c limit. The bonus is that at large N c baryon physics simplifies considerably, which enables one to take into full account the important relativistic and field-theoretic effects that are often ignored.
The relativistic approach to baryons is key to the prediction. In implies that baryons are not just three (or N c ) quarks but contain additional quark-antiquark pairs, as it is well known experimentally. Baryon resonances may be formed not only from quark excitations as in the customary non-relativistic quark models, but also from particle-hole excitations and "Gamov-Teller" transitions. At large N c these effects become transparent and tractable.
At N c = 3 it is a mess called "strong interactions". The hope is that if one develops a clear picture at large N c , its imprint will be visible at N c = 3.
The approach can be illustrated by the chiral quark soliton model [1] or by the chiral bag model [2] but actually the arguments of this paper are much more general. Dynamics is not considered here, which today would require adopting a model. A concrete model would say what is the "intrinsic" relativistic quark spectrum in baryons. It may get it approximately correct, or altogether wrong. Instead of calculating the intrinsic spectrum from a model, I
extract it from the known baryon spectrum by interpreting baryon resonances as collective excitations about the ground state and about the one-quark and particle-hole transitions.
In Section II the key question what is the symmetry of the ground-state baryon is addressed. Arguments are presented that it is not the expected maximal possible symmetry. In particular, SU(3) flavor symmetry is spontaneously broken even in the limit of zero current quark masses. The two critical consequences are: (i) the intrinsic spectrum of s quarks in a baryon is totally different from that of u, d quarks, and (ii) the observable baryon spectrum has characteristic "rotational bands" following from quantizing the rotations of the baryon as a whole in flavor and ordinary spaces. In Sections VIII, IX certain properties of the predicted pentaquarks are discussed, in particular possibilities to observe them experimentally.
The Appendix deals with the mathematical description of the "rotational bands" about various intrinsic quark excitations.
II. MEAN FIELD IN BARYONS
Recently a classification of baryon resonances was suggested, according to what they would look like if the number of colors N c was large [3, 4] . Long experience tells us that the large-N c world does not differ much from the real world with N c = 3, except for several very special cases, and in many circumstances the 1/N c corrections are under control [5] .
At large N c , the N c quarks constituting a baryon can be considered in a mean (nonfluctuating) mesonic field which does not change as N c → ∞. Consequently, all quark levels in the mean field are stable in N c . All negative-energy levels should be filled in by N c quarks in the antisymmetric state in color, corresponding to the zero baryon number state. Filling in the lowest positive-energy level makes a baryon. Exciting higher quark levels or making particle-hole excitations produces baryon resonances. The baryon mass is O(N c ), and the excitation energy is O(1). When one excites one quark the change of the mean field is O(1/N c ) that can be neglected to the first approximation. The question what is the symmetry of the mean field can be answered theoretically if full dynamics is well understood: one has to try all possible symmetry patterns and check which of them leads to the lowest energy of the ground state. It is a quantitative question.
In the absence of a reliable dynamical theory one can, however, use phenomenological, circumstantial evidence in favor of this or that symmetry. For example, if symmetry is spontaneously broken one expects low-lying excitations, the (pseudo) Goldstone modes, their number being equal to the number of broken symmetry generators.
If the broken symmetry group is compact (like SU(3) flav and SO(3) space ) the energy of the Goldstone excitations is quantized. One expects then rotation bands about the ground state and about each one-particle and particle-hole O(1) excitation, split as 1/I where I is the moment of inertia. For heavy nuclei, I scales as I ∼ mr 2 ∼ A 5 3 whereas for the baryon it scales as I ∼ N c (since the baryon radius does not rise with N c ). In most of heavy nuclei (A ≫ 1) one clearly sees rotational excitations whose splitting is much less than the O(1) one-particle and particle-hole excitations [6] . This is a clear evidence that such nuclei are not spherically-symmetric, otherwise there would have been no rotational bands at all.
In real-world baryons there is no spectacular separation of scales since N c = 3 is not a very large number. However some SU(3) multiplets have definitely smaller splitting between themselves than others. This is an indication that certain baryon multiplets can be interpreted as rotational states whereas others are one-particle or particle-hole excitations.
It implies, then, that the would-be SU(3) flav × SO(3) space symmetry of the mean field is broken; the question is what is the pattern.
If the mean field is only SU(2) iso+space invariant, the quantization of the rotations needed to restore the original SU(3) flav × SO(3) space symmetry for a ground-state baryon leads precisely to the baryon multiplets (8, + ) observed in Nature. It is an argument in favor of this particular pattern of symmetry breaking. To specify the N c behavior of the splitting between the centers of these multiplets, one needs to generalize them to certain prototype SU(3) multiplets at arbitrary N c , that reduce to the octet and decuplet at N c = 3 [7, 8] : the splitting turns out to be 3/2I 1 = O(1/N c ), see the Appendix. Numerically this splitting is 1382-1152=230 MeV, such that 1/I 1 = 153 MeV. The number is indeed considerably less than the splitting from the center of the next nearest (8,
involving the Roper resonance, 1630-1152=478 MeV. In the present interpretation, the first splitting is O(1/N c ) as due to the rotation of a baryon as a whole, whereas the second is O(1) and is due to a one-quark excitation in the mean field [3] .
I note in passing that in the non-relativistic quark model the splitting between the lowest octet and decuplet is interpreted as due to hyperfine interaction [9] . It also behaves as α 2 s N c ∼ 1/N c , however to fit the splitting numerically one needs to take α s ≈ 2 whereas fits of deep inelastic scattering data and other phenomena tend to freeze α s in the infrared at the value about 0.5. Such value would give a tiny hyperfine splitting, hinting that it may be irrelevant. The collective quantization interpretation is, numerically, more realistic.
Indeed, an estimate of the baryon moment of inertia is I = mr 2 ≈ (1 GeV)·(0.5 fm) 2 yielding 1/I ≈ 160 MeV as needed.
Another argument in favor of the SU(2) iso+space symmetry of the mean field comes from the fact that baryons are strongly coupled to the pseudoscalar mesons (g πN N ≈ 13). It means that there is a strong pseudoscalar field inside baryons; at large N c it is a classical mean field.
There is no way of writing down an Ansatz for the pseudoscalar field that would be odd with respect to space inversion and simultaneously compatible with the SU(3) flav × SO(3) space symmetry. The minimal extension of spherical symmetry is to write the "hedgehog" Ansatz "marrying" the isotopic and space axes [10] :
This Ansatz breaks the SU (3) 
Moreover, the Ansatz (1) breaks the symmetry under independent space SO(3) space and isospin SU(2) iso rotations, and only a simultaneous rotation in both spaces leaves (1) invariant. Therefore, the Ansatz (1) breaks spontaneously the original SU(3) flav × SO(3) space symmetry down to the SU(2) iso+space symmetry. This is precisely what is needed to obtain the correct baryon spectrum, where some excitations are large (O(1)) and some are small (O(1/N c )). We note that the splittings inside SU(3) multiplets can be determined as a perturbation in m s [13] .
The full list of other possible mesonic fields in baryons (scalar, vector, axial, tensor), compatible with the SU(2) iso+space symmetry is given in Ref. [4] .
III. BARYONS MADE OF u, d, s QUARKS
Given the SU(2) iso+space symmetry of the mean field, the Dirac Hamiltonian for quarks actually splits into two: one for s quarks and the other for u, d quarks. It should be stressed that the energy levels for u, d quarks on the one hand and for s quarks on the other are completely different, even in the chiral limit m s → 0.
The energy levels for s quarks are classified by half-integer J P where J = L + S is the angular momentum, and are (2J + 1)-fold degenerate. The energy levels for u, d quarks are classified by integer K P where K = T + J is the 'grand spin' (T is isospin), and are (2K + 1)-fold degenerate.
All energy levels, both positive and negative, are probably discrete owing to confinement.
Indeed, a continuous spectrum would correspond to a situation when quarks are free at large distances from the center, which contradicts confinement. One can model confinement e.g.
by forcing the effective quark masses to grow linearly at infinity.
According to the Dirac theory, all negative-energy levels, both for s and u, d quarks, have to be fully occupied, corresponding to the vacuum. It means that there must be exactly N c quarks antisymmetric in color occupying all degenerate levels with J 3 from −J to J, or K 3 from −K to K; they form closed shells. Filling in the lowest level with E > 0 by N c quarks makes a baryon [1, 3] , see Fig. 1 . A similar picture arises in the chiral bag model [2] . ... The mass of a baryon is the aggregate energy of all filled states, and being a functional of the mesonic field, it is proportional to N c since all quark levels are degenerate in color.
Therefore quantum fluctuations of mesonic field in baryons are suppressed as 1/N c so that the mean field is indeed justified.
Quantum numbers of the lightest baryons are determined from the quantization of the rotations of the mean field, leading to specific SU(3) multiplets that reduce at N c = 3 to the octet with spin valence quarks each with the hypercharge 1 3 [13] . Therefore, the ground state shown in The low-lying Roper resonance N(1440, of that gap is due to the one-particle levels, while the rotational energy is O(1/N c ), see the Appendix. Methodologically, it is now more satisfactory.
In nuclear physics, excitations generated by the axial current j ± µ 5 , when a neutron from the last occupied shell is sent to an unoccupied proton level or v.v. are known as GamovTeller transitions [6] . Thus our interpretation of the Θ + is that it is a Gamov-Teller-type resonance long known in nuclear physics.
An unambiguous feature of our picture is that the exotic pentaquark Θ + is a consequence of the existence of three well-known resonances and must be light.
Indeed, the Θ + mass can be estimated from the apparent sum rule following from To account for higher baryon resonances one has to assume that there are higher oneparticle levels, both in the u, d-and s-quark sectors, to be published elsewhere [4] .
IV. BARYON RESONANCES FROM ROTATIONAL BANDS
A filling scheme of one-particle quark levels by itself does not tell us what are the quantum numbers of the state. The filling scheme treats u, d quarks and s quarks differently and therefore violates the SU(3) flav and also SO(3) space symmetries. Only the SU(2) iso+space symmetry of simultaneous isospin and compensating space rotations is preserved. In the chiral limit (which I assume for the time being) an arbitrary SU (3) 
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where (  )   2520   2645   2770   (  ( (  (3 3 3 3, , , As in the case of light baryons, the filling scheme by itself does not tell us what are the quantum numbers of the state: they arise from quantizing the SU(3) flav and SO(3) space rotations of the given filling scheme. Let us do it for the ground-state baryons.
First of all, we determine the hypercharge of the filling scheme: in this case it is Y ′ = . There are two SU(3) multiplets containing particles with hypercharge In the3 representation, there is one particle with Y ′ = the spin of the heavy quark J h :
In this case J 1 = J 2 = 0 since s quarks are not involved, T ′ = 0, and
. Therefore, the only possible spin of the anti-triplet is 1 2 , and parity plus. Its rotational energy is, according to Eq. (3),
In the 6 representation, there are three particles with
hence their isospin T ′ = 1.
From Eq. (4) one finds then that there are two sextets, one with spin . They are degenerate in the leading order as the rotational energy (3) depends only on T ′ but not on the spin:
Thus the filling scheme in Fig. 3 , left, implies three SU(3) multiplets: (3, 
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Furthermore, this number should be compared with the moment of inertia following from the splitting between light baryons, (10, generates also a number of higher mass almost degenerate sextets with spin from 1/2 to 5/2, none of which has been observed so far. Unfortunately, experimental knowledge of the parity-minus heavy baryons is too scarce to choose between different interpretations.
VII. CHARMED AND BOTTOM BARYONS, EXOTIC STATES
Our new observation is that there is a Gamov-Teller-type transition when the axial current annihilates a strange quark in the A simple exercise in the SU(3) algebra (which I suppress) leads to the following masses of the members of the 15-plet, for each horizontal line in Fig. 4 , right, from top to bottom:
where
is the center of the 15-plet. There are 6 different masses M 1−6 expressed through 3 parameters, therefore there are 3 relations, analogous to the Gell-Mann-Okubo relation for the octet:
These combinations do not depend on the SU(3)-violating parameters m 1,2 . However, in the large-N c approach m 1,2 are related to the splittings inside all other multiplets:3, 6, 8, 10
and 10. These relations will be considered elsewhere.
We see that the lightest is the exotic doublet B c , and the heaviest is the exotic triplet Ω How to make aQ pentaquark in the present approach? Apparently the 0 + shell for u, d quarks must be completed, and one has to put somewhere the fourth quark to make the state 'colorless'. The first two excited states, the Assuming the lowest excited state is the 0 + level, the lowest anti-charmed pentaquark is Θ c = uuddc of Karliner and Lipkin [27] belonging to the6 representation; it has then spin-parity To estimate the mass of anti-charmed pentaquarks, we assume that the valence 0 + level for u, d quarks is at about 100 MeV. It must be positive otherwise it would belong to the vacuum state, but less than 130 MeV otherwise the In principle, B b,c baryons can be produced whenever charm (bottom) is produced. However, the production rate is expected to be very low. It is affected by the general suppression of charm (bottom) production, and by the small coalescence factor specific for the production of objects built of many constituents. Therefore, high-energy, high-luminosity machines like LHC have better chances.
It is very difficult to make a reliable estimate of the production rate, say, at LHC, therefore I make a pessimistic estimate [32] . The number of charmed baryons produced in the central rapidity range (where it is maximal) is estimated as dN/dy ∼ 10 −3 . For bottom quarks it is several times less. The number of anti-deuterons produced at LHC is expected at the level of dN/dy ∼ 10 −4 . Deuterons are 6 quarks so the rate gives an idea of the coalescence factor for a 5-quark system, too. To get the lower bound for the production rate for the pentaquark B c baryons I am inclined to multiply the two probabilities and obtain for the
This is low enough but one looses even more when a specific channel is chosen to trigger the decay of B c . From the experience with 'ordinary' charmed baryons we know that there are very many decay channels, the largest branching ratios being at the level of 1%. Therefore, it is important to choose a decay channel with as low background as possible, rather than seeking for a dominant decay mode. B ++ c has a remarkable decay into pπ + proceeding through the Cabibbo-unsuppressed annihilation cs → ud. However, this decay has probably a large background even if events are selected with protons spatially displaced from the reaction vertex. I expect that the B c lifetime is of the same order as that of normal charmed baryons, i.e. 10 −13 s, meaning that its decay can be resolved in a vertex detector. In addition, the in-flight Cabibbo-unsuppressed decay c → sud is probably faster than annihilation. Returning to the production rate (10) it should be multiplied by a typical branching ratio 10 −2 to a particular observation channel, yielding a tiny observation rate of 10 −9 . Given that the total number of events at LHC is 10 Because it is the main b-quark decay, B c can be looked for at B-factories, Belle and Babar.
As a conservative estimate of the B c production probability I would take the product of the probability to create a charmed baryon of comparable mass (say, Σ c (2455) or Ξ c (2468)), and of the probability to create a deuteron. Searching for B c in relativistic heavy ion collisions may be also promising since the coalescence factor may be more favorable there. 
The logic of constructing the prototype multiplets is as follows. One first finds the allowed multiplets that contain a given In principle, there are many ways how to generalize the real-world SU(3) multiplets to arbitrary N c . The natural one [7, 8] is to fix at all N c the shape of the weight diagram at its upper part, meaning fixing T ′ and X for all N c as they appear at N c = 3. Physically, it corresponds to the generalization where one adds more u, d quarks to the baryon as one increases N c , and not s quarks. The (p, q) numbers of the prototype multiplet in question is then found from Eq. (A.5) and from
The rotational energy of the prototype multiplet is given by Eq. with respect to (p, q) we find the prototype 'octet':
The prototype 'decuplet' is
The rotational energies of the prototype "8" and "10" differ by have O(1) rotational splitting and should be discarded for this reason.
The spins of these two prototype multiplets are found from the vector addition rule (2).
In this case J 1 = J 2 = 0, hence the spin J = The prototype 'singlet' is
The spin of this 'singlet' is J = To build the 'octet' we take T ′ = 1 and X = 1 and find
Nc−2 2I 2
We note that the rotational energy differs from that of the 'singlet' by O(1). Therefore, this multiplet, strictly speaking, is not a rotational excitation of the intrinsic state. In this case the rotational band consists of only one state, the 'singlet'. At N c = 3 it is the Λ(1405, 1/2 − ).
Light baryons, To build the prototype '27'-plet we put T ′ = 1 and X = 0 and find , and can be both J = ; for the3 there is one such particle, hence T ′ = 0, whereas for the 6 there are three such particles, hence T ′ = 1. In both cases it is the upper line, therefore X = 0.
Generalizing these multiplets to arbitrary N c we fix and one multiplet with spin 3 2 , all degenerate in the leading order in 1/N c . Their lightest members are the exotic Beta-baryons B b,c , the main prediction of this paper.
